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__________________________________________________________________________________________________ 
Summary 
 
This work attempts to investigate the feasibility of curing epoxy resin layers using microwaves for physical models and 
prototypes.  Investigations have been carried out to use epoxy resins or a combination of epoxy resin mixed with a different 
material in powder form followed by a curing process using microwave radiation. The microwave radiation supports the 
polarisation of epoxy resin through heating based on the effect of the dielectric property.  The curing process of the epoxy 
resin using microwave radiation takes place more rapidly and supports the temperature rise, as the dielectric value of the 
epoxy resin rises with an increase in temperature, primarily through changes in frequency. The maximum increase in 
temperature takes place at a critical frequency. The penetration of the microwaves through the epoxy resin is controlled by 
the wavelength of microwave radiation as a function of the frequency. Reducing the operational frequency of microwave 
radiation compensates an increase in thickness of the layer.  In this work attempts have been made to determine the 
relationship between curing time, curing temperature for different mixtures of epoxy resin and hardener. The physical 
model is built using the layer technique, in which the epoxy resin or mixture of epoxy resin and material powder is applied 
as a thin film sprayed on top of the previous layer.   
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1. Introduction 
 
The relative high costs in modelling and the time required 
to develop a three-dimensional model using conventional 
rapid prototyping technology are undergoing various 
stages of conditions, where faults could be inherent and 
consequently the model becomes unusable. A study of the 
present technology used in rapid prototyping revealed that 
there is still sufficient scope for investigating different 
technologies and material-compositions in producing a 
three-dimensional model, without suffering any loss to the 
dimensional accuracy of physical models. 
 
Most rapid prototyping techniques use the similar idea of 
manufacturing a 3-D model by building a given object 
layer upon layer. Using 3-D CAD software, an electronic 
solid model of the object is first created and then divided 
into a set of slices to be built sequentially by a relevant 
rapid prototyping process. In each case, the slicing process 
is adjusted to the rapid prototyping technique to be used, 
since the thickness of the slices and the direction of slicing 
affect the features of the object’s definition and the 
manufacturing cost/time of the prototype. Thinner slices 
give better accuracy, however, the time required for 
building the prototype is greater and this impacts upon the 
overall cost. Microwave technology is an alternative way 
for curing layers of material in the rapid prototyping 
process. The technology can be cost effective and may 
provide superior final product quality in comparison with 
existing methods. Microwaves offer the possibility of 
uniform curing of the epoxy materials via a phenomenon 
known as volumetrically heating, whereby the entire 
material is heated instantaneously independent of its 
shape, complexity and dimensions. Materials for 
microwave heating need to be electrically non-conductive 
and should have dipole structure. The dipoles are polarised 
at microwave frequency. When the frequency is high, such 
as for microwaves, the rapid dipole reorientation with the 
electric field manifests itself as heat. Effective microwave 
heating is achieved when the rate of microwave power 
absorption is greater than the rate of heat dissipation 
through convection or conduction  [2]. 
 
2. Background and Current Status of Present Research 
 
An extensive literature review on microwave curing of 
thin film layers of epoxy resins [1-5,10-14] and Rapid 
Prototyping (RP) techniques [6-9] for building three-
dimensional physical models has not provided any 
pertinent reference material. However, by extending the 
literature search, volumetric curing of epoxy resin liquids 
using microwave energy [1-5] and methods of RP using 
the Stereolithography (SL) techniques and the Selective 
Laser Sintering (SLS) process were found [6]. Both 
processes show similarities to the present research work 
since the laser is used for surface curing of layers (SLA) 
or sintering the powder layers (SLS).  In this work the 
laser treatment is replaced by the use of microwave 
energy. Building a three-dimensional physical model 
using the proposed technology has not been explored. 
Previous research work was concentrated on the effects of 
microwave curing of epoxy resin mixtures, their structural 
changes, and changes in the material properties after 
curing. The investigation was focused at volume curing of 
epoxy resins. The significant difference to this present 
work is that the epoxy resin is applied as a thin film 
representing a layer sprayed on top of a previous layer 
similar to a spray painting process. Microwave curing of 
the applied epoxy resin layer follows immediately after 
spraying to prevent any deformation, since this would 
have serious consequence to dimensional precision of the 
physical three-dimensional model. There are different 
methods to initiate the curing process. However, each 
method relates to a temperature rise within the epoxy resin 
mixture using curing agents and catalysts.  
 
The curing of epoxy resin takes place through the addition 
of a cross-linking agent called a hardener or catalyst. The 
curing agents are based on sulphone and methane and 
differ in their cross-linking structure. The epoxy resin 
converts from its original liquid property during curing 
into a gelled rubber like substance, called gelation, 
followed by a transformation into gelled glass.  Many 
researchers [1-14] have investigated the application of 
microwave energy for curing epoxy resins by using 
different types of dielectric heating techniques. 
Microwave induced curing has shown the most promising 
advantages over conventional curing and has been the 
most cost-effective process, due to the fact that the 
microwave heating is focused directly at the material, 
causing a volumetric heating phenomenon to arise. 
Microwave heating has features that differentiate it from 
conventional heating of materials which include; 
penetration radiation, controllable distributions of the 
electric field, fast heating, selective heating of materials 
with different absorption rates and self limiting heating 
reactions.  These features occur either singly, or in 
combination, and give opportunities and advantages that 
are not available in conventional heating. Effective 
microwave heating is related to the rate of microwave 
power absorption and to the ability of a given sample to 
dissipate the heat supplied. When the rate of power 
absorption is greater than the rate of heat dissipation at the 
surface of the material, microwave heating occurs.  
 
3. Scope of Proposed Research Work 
 
An extensive literature review pertaining to the field 
highlights that microwave energy has not been combined 
with Rapid prototyping for curing polymers.   The primary 
objective of this work is to determine the response of 
existing resins to microwave treatment in order to assess 
their suitability for the proposed new Rapid Product 
Development (RPD) technique. The layer needs to be 
cured quickly in order to prevent any changes to its form 
and to ensure that a nearly instantaneous solidification of 
the liquid occurs when changing the liquid into a rubbery 
state. The thermosetting of the epoxy resin and the 
microwave heating will advance the curing, while 
microwave energy will be reapplied several times 
throughout the application of following layers. This is 
clearly a complicated process that requires both 
experimental and theoretical work to understand further 
the exact approach that is proposed in this work.  
 
4. Theory of Microwave Curing 
 
The environment is filled with electromagnetic waves at 
all times. Light, X-irradiation, TV, AM and FM radio 
waves, ultraviolet, infra-red and microwaves are some of 
the manifestations of these waves. Microwaves occupy the 
part of the spectrum from 300 MHz to 300 GHz. Most 
applications of microwave technology make use of 
frequencies in the range of 1 to 40 GHz.  Of particular 
importance to this study is the manner in which 
microwaves interact with the materials. When microwave 
impinges upon a material, the material preferentially 
absorbs the waves. The frequencies that are absorbed 
called the resonant frequencies of the material, and are 
dependent upon its molecular composition.   Microwaves 
travel in the same manner as light waves and they can be 
reflected by metallic objects, absorbed by some dielectric 
materials, transmitted without significant absorption 
through other dielectric materials. Water and carbon are 
good microwave absorber while glass and ceramics allow 
microwaves to pass with little or no absorption. There 
exist a variety of materials with moderate conductivity 
that absorbs microwave radiation volumetrically. The way 
the materials interact with a microwave field largely 
depends on their dielectric properties.   There are two 
main mechanisms by which microwaves interact with 
dielectric materials; they are Ionic conduction and Dipole 
rotation. 
 
Ionic conduction occurs when ions in solution move in 
response to an electric field. Those ions carrying an 
electric charge are then accelerated by this electric field in 
the direction opposite to their own polarity. Kinetic energy 
is given up by the field to the ions, which collide with 
other ions, converting kinetic energy into heat. The denser 
the solution, the greater the frequency of collisions, and 
the more kinetic energy is released and converted to heat. 
When the electric field is alternating at microwave 
frequencies for example 2.45 GHz, numerous collisions 
occur and much heat is generated. Ionic conduction is 
more prominent at frequencies close to the ultraviolet 
region.   Many molecules, such as water, are dipolar in 
nature; that is, they possess an asymmetric charge center. 
Other molecules may become “induced dipoles” because 
of the stresses caused by the electric field [2]. Dipoles are 
influenced by the rapid changing of polarity of an electric 
field. In the presence of an electric field, the dipoles line 
up with the field. Under normal conditions, the dipoles are 
randomly orientated. As an alternating field is applied, the 
polarity of the field varied at the rate of the microwave 
frequency and the dipoles attempt to align themselves with 
the changing field. Heat is generated as the result of the 
rotation of these molecules [2]. There are a number of 
parameters, which affect or dictate the manner a material 
will respond to microwave radiation. Of these the most 
important are the dielectric properties of the materials. 
Dielectric properties of the materials are dependent upon 
temperature, moisture content, density and other 
parameters of the material [2]. Knowledge of these 
properties is necessary for the control of electromagnetic 
energy and consequently the temperature control. 
 
  
Fig.1 Microwave Set-up Used for Curing of Epoxy Resin and Hardener Mixtures 
 
The property that describes the behaviour of the dielectric 
under the influence of a high frequency field is the 
complex permittivity, “ε*”.   A complex form of the 
dielectric constant occurs to account for the various losses 
(electronic, atomic, dipole and Maxwell-Wagner) in the 
dielectric is given by: 
ε*= ε’ - j ε”           farads/meter   ------------------- (1) 
The dielectric constant, ‘ε’ is a measure of the electrical 
polarisability, that is the ability of the dipoles to respond 
to the electromagnetic field. The dielectric loss factor, ε”, 
represents the magnitude of the energy due to the 
interactions of dipoles with an electromagnetic field, and 
is dissipated as heat in the materials.  The dielectric loss 
factor, represents the loss factor which changes depending 
on the type of losses the material encounter. It is difficult 
with most dielectric measuring techniques to differentiate 
the type of losses. Thus, an effective loss factor ε”eff  is 
used which is a summation of all the loss factors. 
ε”eff (ω)  = ε”d  (ω) + ε”e  (ω) + ε”a  (ω) + ε”MW (ω) +   σ / ω 
ε o ω     =   ε”(ω) + σ / ω ε oω  ---------------- (2) 
The subscripts' d, e, a, and MW refer to dipole, electronic, 
atomic and Maxwell-Wagner respectively. The loss 
factors shows a frequency dependence that often 
simplifies the analysis because in a given frequency band, 
only one or two loss mechanisms dominates over the 
others.   Since industrial high frequency heating takes 
place in the frequency band     107  < f <3 × 109  Hz, the 
mechanism that dominates is the dipole rotation 
mechanism [2].  Loss mechanisms due to atomic and 
electronic polarization’s, collectively termed as distortion 
polarization’s occurred at frequencies in the infra-red and 
visible part of the electromagnetic spectrum. The complex 
dielectric constant is then given by: 
ε*= ε’ - j ε”eff    -------------------------------------- (3) 
where  ε”eff   includes the loss factor which are relevant to 
high frequency heating. The ratio of effective loss factor 
to that of the dielectric constant is known as the effective 
loss tangent, also known as the dissipation factor, and it 
represents the energy loss characteristics of the material.  
The dielectric loss factor have, the most significant 
influence on the amount of electromagnetic radiation 
absorbed by a material [1]. However the amount of 
electromagnetic energy absorbed changes the dielectric 
loss factor. Metaxas and Meredith [2], as well as many 
others researchers [8-14], have shown that when low loss 
materials exhibit an abrupt increase in ε” with increasing 
temperature, the potential exists for a rapid changes in 
temperature. A potential consequence of this rapid 
increase in ε” with temperature is that, unless the sample 
is heated uniformly, localised hot spots usually referred to 
as thermal runaway can develop. 
 
With regard to adhesives and resins, the dielectric constant 
and dielectric loss factor increases with increasing 
temperature and decreases with the extent of cure. During 
the initial stages of curing, the dielectric loss factor is 
more dependent on temperature, but becomes less 
dependent on temperature at the later stage [13]. This is 
due to the increased mobility of dipoles during the first 
stages and then a decline in mobility as curing progressed.   
Dielectric constant is also related to the extent of cure or 
the degree of cross-linking. High cross-linking restrict the 
mobility of the molecules and therefore results in low 
dielectric loss. The opposite is true for low cross-linking 
structure. Effective loss factor ε”eff changes in value wrt 
temperature and extent of cure. The dielectric loss factor 
may be used to monitor the progress and extent of cure.   
 
5. Equipment Used in the Present Study 
 
A Sairem GMP 20K/SM electromagnetic microwave 
generator with a variable power output from 0-1950 Watts 
at a frequency of 2.45 GHz is used for curing. At this 
frequency it produces a free space wavelength of 0.12m, 
suited for the curing applications.  A schematic layout of 
the proposed control system used for this research is 
shown in Fig.1. The magnetron is interfaced with the 
computer in order to control the microwave input powers 
and exposure time for the various tests to be set and 
monitored. The Infrared thermometer form a closed loop 
control system.  LAND Micratherm 3, Infrared 
Thermometer which features a 4-20 mA analogue output 
for the computer control. It has a temperature range from 0 
°C to 500 °C with an accuracy of  ± 1% or  ± 1 °C 
whichever is greater.  
6. Experimental Procedure 
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 Several sets of experiments are conducted using a series of 
epoxy resins mixtures with varying amounts of hardener 
(5-40 wt%) and aluminium (0-35wt%, average dielectric 
loss factor) or flydust (0-35wt%, low dielectric loss factor) 
or other metallic powders. The powder additions are used 
because of two reasons. Firstly, their ability to cure 
mixtures increases the functionality of the prototypes, and 
secondly, to examine the influence of additions with 
varying dielectric properties on the curing process.  The 
liquid will be sprayed onto the platform by electrically 
activated spray-nozzles.  
 
The nozzles will be aligned across the platform and 
controlled electronically to apply the liquid as a thin film 
on the platform. Depending on the system, there may be a 
single nozzle or an array of nozzles used as an applicator 
for spraying the epoxy resin mixture.  The microwave 
radiation may be applied coaxially around the nozzle or 
through a separate waveguide-transmitter integrated with 
the application system. The difference of both these 
systems is the speed of operation, as the single nozzle 
requires to scan the platform in x-y directions and the 
array system requires only to scan in x - direction. The 
applicator designed in this work functions similar to a 
plotter, operating in two-dimensions (x-y direction), where 
a third dimension (z direction) is controlled through 
lowering the center platform. The applicator is equipped 
with a single nozzle arrangement and the single nozzle 
applicator operates in x-y direction. The applicator of the 
microwave source for curing of the epoxy film will be 
integrated with the spray applicator, to control 
simultaneous curing of the applied epoxy resin layer. 
 
Using the information from the STL-file, the contour of a 
layer is applied while the platform moves in a horizontal 
direction, and the layer passes through a microwave 
applicator. This applicator is connected to a 2.45GHz 
microwave system generating a fringing field of 
electromagnetic energy, which penetrates through the 
epoxy layers on the platform, accelerating the curing 
process. This process increases the temperature within the 
epoxy resin and contributes to fast curing.  The vertical 
movement of the platform is equal to the layer thickness, 
so that the penetration of the fringing electromagnetic 
field cures each layer uniformly. Depending on the 
settings, the microwave energy can propagate deep into 
the material making sure that post-curing is not required.  
The material by which the platform is constructed is 
characterised by a very low dielectric constant, making it 
transparent to the microwaves.  Test components produced 
by this technique are compared with components that have 
been previously produced by the SL process in order to 
verify the feasibility and capabilities of the proposed 
technique. 
 
7. Results and Discussions 
 
Curing of the epoxy resins using microwave radiation 
effects the material structure when compared to 
conventional curing. It has been noticed that material 
properties such as durability, ductility and tensile strength 
are improved through curing using microwave radiation.  
It is also noticed that the dielectric property of epoxy resin 
changes with impurity level [14].   It has been realised that 
producing thin layers of epoxy resin using the spraying-
curing technique improves the dimensional precision of a 
three-dimensional model and the surface quality of the 
finished model.  This would reduce the time spent for 
post-preparation of the model as the model is fully cured.  
As a result the time required to make a physical three-
dimensional model would be reduced marginally.   One of 
the significant advantages of this method is, by using this 
technique one can achieve the physical properties of the 
prototype close to that of the product.  This can be 
achieved by mixing the epoxy resin with the parent 
material in powder form at a ratio.  In addition the mixture 
also suitable for curing by using microwave radiation. 
 
The results of the measurements have been summarised 
graphically, between curing temperature and curing time 
as a function of chemical composition of the mixture.  
Figs. 2-4 shows the curing time and curing temperature as 
a function of hardener for the three commercially 
available epoxy resins. Generally, the curing time and 
curing temperature decreasing with increase of hardener 
and power.  Fig.5 shows the curing time and temperature 
for mixture with flydust. In this case also both these 
parameters decreased with increase of the hardener and 
power. The numbers in parentheses on the x-axis describe 
the mixture composition of the flydust. Similar results 
were obtained for mixtures with aluminium as shown in 
Figs.6-8. The numbers in parentheses on the x-axis 
describe the mixture composition of the aluminium.  It can 
be concluded, from the figs. 2-8 that the curing time and 
curing temperature are decreasing with an increase of 
hardener and powder additions. Among  all the cases 
tested the combination of aluminium and GY 9708-1 
epoxy resin seems to give the best results. This may be 
contributed to the dielectric properties of the aluminium. 
 
It appears that by using LC 3600 resin lower temperature 
and shorter curing time can be achieved.  Lower curing 
temperatures helps to avoid distortion of the final product. 
Short curing time is necessary to avoid deformation of the 
liquid layer, which can flow on the surface, which further 
depends on the viscosity of the mixture.  It is apparent that 
in all cases the curing time and curing temperature depend 
almost exclusively on the concentration of the hardener.   
Particularly this is evident in case of LC 3600 resin with 
one exception where the additions change significantly the 
FGI R180 epoxy behaviour, but not to the desirable extent. 
The power additions only marginally change these 
characteristics. The findings where conclusive enough to 
proceed with measurements of dielectric properties of the 
epoxy resins and selected mixtures. Measurements have 
been conducted at the frequencies from 1.0GHz to 
20.0GHz (broad-band) to determine the relaxation 
frequency as shown in Figure 9. Following the broad-band 
investigation, the dielectric tests also performed at narrow-
band, frequencies from 2.2GHz to 2.55 GHz as shown in 
Figure 10. Mixing a dielectric material with an epoxy 
resin has also its limits. 
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Fig.2 LC 3600 Epoxy mixed with the Hardener (wt %). 
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Fig.3 GY 9708-1 Epoxy Mixed with Hardener in (wt%). 
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Fig. 4: FGI R180 Epoxy Mixed with Hardener in wt%. 
 
Curing of CG LC 3600 w. Hardener & Flydust
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Fig.5 LC 3600 Epoxy Mixed with Hardener and Fly Dust 
 
Curing of CG GY 9708-1 w. Hardener & Aluminum
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Fig. 6 LC 3600 Epoxy with Hardener and Aluminium 
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Fig.7 FGI R180 Epoxy with Hardener and Aluminium. 
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Fig.8 Comparison of Aluminium and Fly Dust Mixed with 
GY 9708-1 Epoxy with Different Concentration. 
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Fig. 9 Dielectric Property of Ciba Geigy Epoxy Resin 
LC3600 from 1.0 GHz to 20.0 GHz (Broad Band). 
 
The microwave radiation will be reflected and 
consequently the curing temperature and curing time 
would increase [9]. This phenomenon was also mentioned 
in several publications, where microwave radiation was 
used for curing of epoxy resin under chemical analysis 
[4,5,14]. It was even mentioned, that at glass transition 
temperature (Tg) the temperature remains constant over 
time. The glass-transition temperature corresponds to 
more than 90% cure –factor and higher temperature would 
lead to oxidation and degradation of the sample. 
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Fig 10. Dielectric Property of Epoxy Resin Ciba Geigy LC 
3600 at 2.2 GHz to 2.55 GHz (Narrow Band). 
 
8.  Conclusions 
 
Combining rapid prototyping with microwave curing of 
epoxy resin seems to be a promising alternative to 
currently used techniques for rapid product development. 
Three-dimensional models could be built much faster 
through curing of each layer, and the physical model 
might not require any post-treatment. Due to reduction of 
the curing time and lower temperatures, thermal stresses 
will be reduced at lower contraction.   Investigations are 
still required about the degree of curing of epoxy resin 
mixtures. Solidification needs to take place nearly 
simultaneously with the preparation of each layer. The 
conditions for layer curing might be more favourable than 
thought for volume curing. The process of curing epoxy 
resins will remain always a chemical process of 
gelification, supported by crosslinking agents.  Results 
have shown that a mixture of three components by adding 
a parent material with the epoxy resins and hardener has 
improved the curing process.  It also has been observed 
that the curing temperature is low and using microwave 
radiation shortens curing time. 
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